Cell migration influences many normal and pathological processes and is one of key issues addressed in cancer research studies. In this report, a plasma patterned polydimethylsiloxane (PDMS) substrate was used to selectively position hepatocarcinoma cells in order to characterize their migration behavior. We observed that cell mobility was directly related to the differentiation stage of the cells, with poorly-differentiated (SK-Hep-1) cells exhibiting higher mobility that well-differentiated (Hep-G2) cells. We propose that this difference occurs due to a loss of adhesion molecules presented at the apical membranes of the poorly-differentiated SK-Hep-1 cells, thereby reducing their adhesion to the surface. Our results provide new insight into the relationship between carcinoma cell differentiation grade and mobility. Further this experimental process may provide a simple and effective model for universal cell biology studies and applications in microsystems technology.
Introduction
Hepatocellular carcinoma (HCC), which is known to be involved in chronic hepatitis and progressive liver cirrhosis, has a high mortality rate even today [1] . It is known that cell migration plays a key role in tumor invasion and metastasis, and a variety of other normal and pathological processes throughout the cycle of life, from embryonic development to death, including birth defects, developmental morphogenesis, angiogenesis, wound healing, and tissue repair [2, 3] . Therefore, understanding the principles of cell migration and its related influence is expected to provide insight into HCC progression, and may lead to new strategies for disruption, prevention, or cure.
Cell migration is complex, consisting of multiple simultaneous dynamic processes. For example, surface attachment and detachment cycles, development and collapse of filopodia, movement of the cell body center, and maintenance of cell morphology [4] , as well as environmental cues, such as interaction with the extracellular matrix (ECM), chemicals present in the environment, and other cells [2, 5, 6] , all contribute to this dynamic process. Simply put, cell migration arises from spontaneous movement as well as tactile response to environmental signals, each playing essential roles in various cellular functions [2, 4, 7] . In the past few years, great strides have been made in understanding and predicting the two types of cell migration in populationbased systems, however, to our knowledge, studies of single-cell migration, which are even more critical to elucidate the fundamental causes of spontaneous movement at the molecular level, are scarce [3, 4, 6] . One of the primary reasons for this may be the lack of proper single-cell assays, which can disperse cells and be used to analyze single-cell activity as a function of time [8] . Therefore, the quest for a single-cell based system and for building a non-continuum movement model is urgent. Cell micropatterning is a good candidate for studying single-cell movement, as it provides a mechanism for dynamic modulation of the interaction between cells and materials at the molecular level [6] , and has Nano Biomed. Eng.
been successfully used in biosensor fabrication, tissue engineering, bioelectronics, and basic biology studies [9] [10] [11] [12] [13] [14] .
In this study, we have used patterned poly -dimethylsiloxane (PDMS) substrates to position and then monitor the migration behavior of well and poorly-differentiated HCC cells. PDMS substrates are biocompatible, durable, transparent, and flexible and have therefore been used frequently in cell patterning research [15] [16] [17] [18] [19] . However, PDMS is naturally hydrophobic, and thus it is difficult to attach some types of cells on this low surface energy substrate [20] . Researchers have used different adhesion promoters on PDMS surfaces to enhance cell attachment, including hydrophobin [9] , Laminin [16] , poly L-Lysine [21] , vironectin [22] , and self-assembled monolayers [23] . Also, plasma patterning has been used to modify PDMS surfaces to create patterned oxidized regions that exhibit hydrophilic character and can be used for cell patterning [24] . In our published work in this area, plasma patterned PDMS surfaces were used to fix ferritin proteins [25] . In this study, plasma patterned PDMS surfaces were used as an adherent substrate to provide a model system for studying the cellular motion of HCC cells with different histological grades.
Experimental section

Substrate preparation and micropatterning
PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) was composed of a 10:1 (w : w) ratio of prepolymer to curing agent, which was thoroughly mixed, allowed to cure for 5 min, and then poured into a steel washer that was placed on a clean glass microscope slide. The resulting PDMS samples (1-2 mm thick) were then cured in an oven for 2 h at 70 °C. In order to prevent air bubbles from forming in the PDMS samples, the solidification process required heating in a closed vessel. A copper TEM grid (400 mesh EMITECH -square type -3.2 mm diameter) was placed on the cured PDMS surfaces and then the samples were exposed to a lowpressure "air" plasma (53.3 Pa, 2 min, 10.5 W -Harrick Scientific Products, Inc. Model PDC-001) to selectively generate oxidation patterns on the hydrophobic PDMS surfaces. Details of the substrate preparation and micropatterning method are described elsewhere [26] . supplemented with 10% fetal bovine serum (FBS) (Gibco, Invitrogen, Carlsbad, California) at 37 ºC in a humidified atmosphere of 5% CO 2 . Before patterning, the cells were rinsed with 5 mL phosphate buffer solution (PBS pH 7.4), treated with 1 mL Trypsin-EDTA (0.25%) and swayed for 5 min to insure thorough mixing. The cell suspension was then washed into a sterile centrifuge tube using 5 mL of PBS medium. After being centrifuged for 2 min at 1000 rpm, the cells were re-suspended in medium and the supernatant removed. Media was added to the resulting cells which were distributed into 24 prepared well plates for culture in an incubator at 37 °C and a humidified atmosphere of 5% CO 2 and 95% air.
Methyl Thiazol Tetrazolium (MTT) assay
MTT dye solution was taken up by the cells through direct interaction with dehydrogenase enzymes in the living cell's mitochondria. The MTT was reduced to purple formazan which formed crystals that accumulated within the living cells. Solubilization of the cells resulted in the liberation of the purple product, which was detected using colorimetric measurement. The ability of cells to reduce MTT provides an indication of the mitochondrial integrity and activity which, in turn, may be interpreted as a measure of the cell number/proliferation/viability/ survival/toxicity. For viability testing, MTT cell proliferation assays were carried out. First, an 8×10 2 cells mL -1 suspension was seeded in 24-well plate patterned PDMS samples and cultured for 24 h in an incubator at 37°C in a 5% CO 2 atmosphere. Once adhesion was verified, residual media was washed away using PBS. Cells on every well plate were incubated with 50 μL 0.1% MTT and 450 μL medium for an additional 3 h. After cell treatment, absorbance at 570 nm was measured with a microplate reader.
Microscopy
Optical images of the cell samples were acquired using an inverted optical microscope (A1-Mat, Carl Zeiss, Jena, Germany) with a CCD camera. Images of several different regions of each sample surface were collected at regular intervals starting from cell seeding, to monitor changes in cellular position and organization over time.
Results and discussion
Motivation for studying cell movement at single cell levels in vitro is that by concentrating cells into small, precisely and regularly sized and shaped areas, these "seeds" can act as starting points for cellular migration. In general, oxidized, charged, and hydrophilic surfaces have been used extensively for cell adhesion and growth. For the native hydrophobic surfaces of cover glass and PDMS, cell adhesion promoters are routinely deposited prior to cell seeding to aid cell adherence and growth [9, 16, [21] [22] [23] . However, the introduction of these adhesion promoters may affect cell migration through chemical interactions, thus influencing the migration behavior. As discussed above, plasma treatment is commonly used to oxidize hydrophobic polymer surfaces, transforming the surface free energy to a hydrophilic state [24, 26] . Our plasma-based method allows us to further control the chemical pattern (size and shape) through selective oxidation of hydrophobic PDMS to create samples for cell patterning that do not require substrate adhesion molecules. We compared HCC cell attachment on cover glass substrates with that on plasma treated PDMS, as shown in Fig. 1 . Cells on the cover glass were randomly distributed and tended to aggregate, while, cells on the patterned PDMS substrates attached preferentially according to the patterned regions of the surface. Further, the SK-Hep-1 cells appeared to be more strongly influenced by the substrate pattern than the Hep-G2 cells.
Cell viability tests were performed using the Hep-G2 and SK-Hep-1 cells on plasma patterned PDMS substrates to insure that they were sufficiently biocompatible for time course migration studies. MTT assay results from viability testing are shown in Fig. 2 . Three separate assay tests were performed on the Hep-G2 and SK-Hep-1 cells on PDMS samples and the average values for cell viability were 74% and 70%, respectively. Literature reports have shown the use of untreated PDMS surfaces results in high levels of cell death (45% and 93.4% for 3T3 and bovine aortic endothelial cells, respectively), however, acetone plasma treatment of PDMS surfaces showed significant improvement [27] . The plasma-patterned PDMS surfaces used in this study to position HCC cells exhibited much lower toxicity (higher cell viability values) which is consistent with the reported results. Although the cell viability on PDMS surface is less than 100% (as defined by cell viability on a cover glass), it is nonetheless high enough for the purpose of migration studies.
Cell activity is controlled by chemical and mechanical interactions between cells, and between cells and their surrounding environment. In vitro simulation of the cell environment is never ideal and thus substrate effects must be excluded to obtain relevant cell migration information. In this study, we used identically pre-treated PDMS substrates and then determined the relative activity difference of HCC cells at different growth stages. Fig.  3 is a time series of microscope images showing three different regions of a patterned PDMS surface covered with well-differentiated HCC cells (Hep-G2). No cellular migration nor any other motion of the cells was observed over the 9 hour observation period. This indicates that adhesion of the Hep-G2 cells to the surface prevented spontaneous motion. Considering that cell viability on patterned PDMS surfaces was high, as shown in Fig. 2 , we attribute the inactivity observed for Hep-G2 cells to their natural character.
The migration behavior of poorly-differentiated HCC cells (SK-Hep-1) on patterned PDMS substrates was also examined and results are shown in Fig. 4 . We chose several adjacent cell colonies (denoted A, B, C, D, and E, in Fig. 4) to clearly show the cell migration activity. Initially, cell distribution on the PDMS surface was strongly influenced by the oxidation pattern. After 1 h, the single cell in colony A developed a pseudopod, which extended and elongated toward colony B. At 3 h, the pseudopod reached the cells in colony B forming a link between the two colonies. At 4 h, the connection site appeared wider and more robust. This movement is consistent with the first and second step (pseudopod formation and adhesion to the environment) in the multistep model of Lauffenburger and Horwitz [28] . Three adjacent multi-cells colonies (C, D, and E) were also monitored as shown in Fig. 4 . No movement of these cell colonies was observed during the first five hours of the experiment. At 5 h, pseudopodia were observed in both colonies D and E, which extended toward the centroid of the three colonies. At 7 h, pseudopodia from each of the three colonies conjoined. This phenomenon was different from the pseudopod formation between cells in A and B as the connection between pseudopodia C, D, and E disconnected at 9 h and then quickly disappeared. According to the multistep model, retraction of the pseudopodia results in cell movement and a spherical cell appearance [7, 28] . However, no clear migration of cell bodies in C, D, and E was observed at 9 h, at which time the cell pseudopodia had retracted.
The cell activity described above can be understood by considering the interaction from surrounding cells. For those relatively isolated cell colonies, however, activity was also observed, as shown in Fig. 5 . This figure represents three isolated cell colonies, whose neighbors consist of fragmented cells. In the figure, a red line is drawn along the long axis of the cell colonies to more clearly show rotational motion. It is clear that the isolated cell colonies rotated around their centroid either counter-clockwise (Fig. 5a ) or clockwise (Figs. 5b and 5c). Because no pseudopodia were formed to assist in this process, we assume the rotation was continuous, and obtained an average rotational velocity of 6.4×10 -4 rpm by fitting the angular data from Fig. 5 .
Migration of the SK-Hep-1 cells on patterned PDMS was tracked over time and the results are shown in Fig. 6 . Afte 24 h the sample was nearly covered by cells due to migration and redistribution. Other published also showed that observation periods of 12-15 h were necessary to track migrating tumor cells [7, 29] . They proposed that the long observation times were necessary due to tumor cell migration rates of 0.1-0.3 μm min -1 for unstimulated cells. However, our experimental results suggest that migration of tumor cells on a patterned substrate consists of two processes, i.e. ready movement ( including pseudopodia heuristic action as shown in Fig. 4 , and cell rotation as shown in Fig. 5 ), and cell migration (Fig. 6) . Further, pseudopodia formation and movement slowed cell migration.
The development of HCC cells is closely related to tumor size. Less-differentiated HCC grow within preexisting well-differentiated HCC and may ultimately replace the well-differentiated HCC with a resulting increase in tumor size. [30] . This is a multistep process involving multiple molecular changes, and various alterations may accelerate this process. HCC cells with different histological grades represent alterations of cell properties and biological responses, including their sensitivity to medicine [31] and force [32] , cellular polarity [33, 34] , cell expression (adhesion molecule) [33] , and transforming growth factor-α and its receptor [30] . In this study, we observed different activity between well and poorly-differentiated HCC cells, and the identification of the relation between these alterations may provide insight into the pathogenesis of HCC.
Molecules presented at the apical membranes of HCC cells may play an important role in the alteration between less-differentiated and well-differentiated HCC cells. Reported results showed that < 50% of tumor cells showed markedly lower expression of the adheren junctions and desmosomes in well and moderatelydifferentiated HCC. In contrast, > 50% of tumor cells or nearly all cancer cells lost the ability to express adheren junctions and desmosomes in poorly-differentiated HCC [33] . Adhesion molecules in epithelial cells can maintain cellular polarity while poorly-differentiated cancer cells exhibit low polarity due to this decrease or loss of adhesion molecules. Even the polarity of hepatocytes transformed from polar to apolar during carcinogenesis [33] . Loss of cell polarity results in changes in cell distribution due to dipole arrangement, thus cells become more active.
Although the two HCC cell lines (Hep-G2 and SKHep-1) are apolar, we only observed migration for the poorly-differentiated cells. This is closely related to the interaction between cells and the patterned PDMS substrate. Plasma patterning selectively transformed the PDMS surface from a hydrophobic (surface stoichiometry: n-Si-(CH 3 ) 2 -O-n) and cell repellent state, to a hydrophilic (SiO 2 ) and roughened state, which promoted cell adhesion and growth [24, 26] . However, molecules presented at the apical membranes of HCC cells may be one of key roles in influencing the strength of cell adhesion. For poorly-differentiated HCC cells (SK-Hep-1), a decrease or loss of these molecules, which are integral to cellular communication with substrate and neighboring cells, weakens the interaction between cells and the substrate. In contrast, well-differentiated HCC cells (Hep-G2) possess relatively more membrane molecules that can attach to the patterned PDMS substrate, thus reducing their ability to migrate, despite the driving force for redistribution due to loss of polarity.
Migration of SK-Hep-1 cells was not clearly observed until 18 hours had passed (Fig. 6) , indicating a nonnegligible substrate adhesive force. The pseudopodia heuristic action and cell rotation was the result of a competition between spontaneous movement and substrate adhesion. In contrast to normal cells patterned on a patterned PDMS substrate, which remained stable during long-term cell culturing (>10 days), cancer cells were very active.
Our study provides an in vitro experimental model for showing the activity of HCC cells. This method can further be used for in vitro static testing of cells, such as structural and mechanical property characterization, the results of which can provide valuable information for basic cell biological studies. Furthermore, our patterned polymer substrate model can be modified with different proteins or drugs for potential applications in biosensors, tissue engineering, and bioelectronics.
Conclusions
In this study, we prepared patterned PDMS substrates to selectively position HCC cells of different differentiated grades, and found that the poorly-differentiated cells were more active that well-differentiated cells. Their movement consisted of ready movement (behaving as pseudopodia heuristic action and cell rotation) and cell migration. The former process was observed up to 9 h in our experiment, which is an optimal time course for some investigations requiring fixed cells. Molecules at the apical membranes of HCC cells strongly influence the cell polarity, and because they are present in relatively small quantities in less-differentiated cells, the SK-Hep-1 cells in our experiments exhibited higher mobility. In summary, we have shown that HCC cells of different differentiated grades exhibit very different migration behavior, which may be an important identifying property in pathological studies. Our model is a simple, rapid, effective, and potentially universal cell line patterning methodology for cell biology studies.
